The relentless adaptability of pathogen populations is a major obstacle to effective disease control measures. Increasing evidence suggests that gene transcriptional polymorphisms are a strategy deployed by pathogens to evade host immunity. However, the underlying mechanisms of transcriptional plasticity remain largely elusive. Here we found that the soybean root rot pathogen Phytophthora sojae evades the soybean Resistance gene Rps1b through transcriptional polymorphisms in the effector gene Avr1b that occur in the absence of any sequence variation. Elevated levels of histone H3 Lysine27 trimethylation (H3K27me3) were observed at the Avr1b locus in a naturally occurring Avr1b-silenced strain but not in an Avr1b-expressing strain, suggesting a correlation between this epigenetic modification and silencing of Avr1b. To genetically test this hypothesis, we edited the gene, PsSu(z)12, encoding a core subunit of the H3K27me3 methyltransferase complex by using CRISPR/Cas9, and obtained three deletion mutants. H3K27me3 depletion within the Avr1b genomic region correlated with impaired Avr1b gene silencing in these mutants. Importantly, these mutants lost the ability to evade immune recognition by soybeans carrying Rps1b. These data support a model in which pathogen effector transcriptional polymorphisms are associated with changes in chromatin epigenetic marks, highlighting epigenetic variation as a mechanism of pathogen adaptive plasticity.
INTRODUCTION
Filamentous eukaryotic pathogens such as fungi and oomycetes exhibit rapid adaptability to host immunity, fungicides and other environmental changes, threatening global human health and food security. Genomes of some filamentous pathogens with high adaptability display a bipartite architecture with gene-sparse, repeat-rich compartments serving as sites of dynamic variation. In these particular genomic compartments, genes encoding virulence effector proteins are enriched, and display signs of accelerated genome evolution (1) (2) (3) . In natural populations, effector genes display rich genetic diversity including presence/absence polymorphisms, nucleotide polymorphisms and copy number variations (4) (5) (6) (7) . These DNA sequence changes are considered to be signatures of pathogen co-evolution with host plants. Although understanding the adaptation of pathogens is critical for rational disease management, we still know little about how pathogens and their effector genes adapt to resistant hosts.
Increasing evidence has suggested that gene expression polymorphisms contribute to microbial responses to environmental changes (8) (9) (10) (11) (12) . Epigenetic mechanisms can create heritable changes in gene expression that are independent of DNA sequence changes. A variety of small RNA molecules, and chemical modifications of histone tails and DNA bases can serve as mechanisms of epigenetic regulation (13) . For example, RNAi-dependent epimutations mediated antifungal drug resistance in the human pathogen Mucor circinelloides (10) . Histone H3 Lys27 tri-methylation (H3K27me3) in Neurospora crassa modulated the response to genotoxic stress (11) . Heritable trans-generational gene silencing of the effector gene PsAvr3a, mediated by small RNAs, enabled the soybean root pathogen Phytophthora sojae to evade the resistance of soybeans carrying the Rps3a resistance gene (12) . Compared to DNA sequence changes, epigenetic variation is dynamic and reversible upon envi-ronmental and physiological changes. However, how filamentous pathogens epigenetically adapt to host plants remains largely unexplored.
The histone modification H3K27me3, in general, marks facultative heterochromatin and represses the expression of genes in spatial and temporal patterns (14) . In all eukaryotes studied so far, the polycomb repressive complex 2 (PRC2) generates H3K27me2/3 marks via its methyltransferase subunits EZH2 or KMT6. PRC2 also comprises core components such as Su(z)12 and ESC that act in a regulatory manner (15) (16) (17) (18) . In several plant-associated fungi, genetic manipulations of PRC2 subunits impaired H3K27me3 homeostasis and broadly impacted fungal development, metabolism and chromosome functions, suggesting the H3K27me3 machinery plays important regulatory roles in these filamentous organisms (19) (20) (21) .
Phytophthora sojae is a devastating root rot pathogen of soybean, and is one of the most damaging disease problems confronting soybean growers (22) . The interaction between P. sojae and soybean is regulated by gene-for-gene interactions. Typical gene-for-gene interactions involve plants that carry a specific disease resistance (R) gene that confers resistance towards a pathogen that expresses a matching avirulence (AVR) effector gene. In such cases, the R gene product can directly or indirectly detect the presence of the AVR effector protein, triggering a robust and effective defense response. Pathogen strains containing variations in the sequence or expression of an AVR gene can evade plant R protein recognition, resulting in a failure of plant immunity and onset of disease (23) . Phytophthora sojae strains expressing the Avr1b avirulence allele cannot efficiently infect soybean cultivars carrying the Rps1b resistance gene (24) . Field strains of P. sojae that can evade Rps1b-mediated immunity exhibit a variety of Avr1b polymorphisms including nucleotide point mutations, Avr1b deletions, and natural silencing of Avr1b (24, 25) . These polymorphisms provide an opportunity to study the mechanisms of P. sojae adaption to host resistance. Here, we show that H3K27me3 is required to maintain the naturally silenced state of Avr1b in a P. sojae strain.
MATERIALS AND METHODS

Phytophthora sojae and plant cultivation
Phytophthora sojae strains were routinely cultivated at 25 • C in the dark on 10% vegetable (V8) juice agar medium. Nonsporulating hyphae were collected after 3-day cultivation at 25 • C in the dark using 10% V8 liquid medium. Soybean cultivars Williams and Harosoy13xy were used for virulence assays. Seedlings for inoculation were grown at 25 • C (16 h, light) and 22 • C (8 h, dark) for 7-10 days. Etiolated hypocotyls harvested after growth at 25 • C (16 h, dark) and 22 • C (8 h, dark) for 4 days were also used for P. sojae inoculations to produce infected tissue.
P. sojae virulence assays
Phytophthora sojae virulence assays were performed on light-grown seedlings by the hypocotyl split inoculation method (26) using approximately 10 plants per plastic pot (15 cm in diameter). P. sojae strains were grown for 3-5 days on 10% (v/v) V8 agar plates, then 2 mm × 4 mm segments of infested agar were cut from the growing edge of mycelial colonies and inoculated into the splits of the hypocotyls. Inoculated plants then were kept in the greenhouse maintained at high humidity for 12 h. Plants were then photographed after 3 days. A minimum of three independent replicates of the disease assay were performed for each P. sojae strain tested.
RNA extraction, RNA-seq and qRT-PCR
Total RNA of 3-day-old P. sojae hyphae was isolated using the Omega Total RNA Kit I according to the manufacturer's manual. RNA quantity and quality were measured using a Nanodrop ND-1000 and 1% agarose gel electrophoresis. BGI (Shenzhen, China) provided RNA-seq services for this study; two biological replicates of mycelia of T34 were utilized. cDNA synthesis was performed using the PrimeScript RT reagent Kit (Takara). Corresponding cDNA levels were measured by quantitative PCR and normalized to endogenous Actin levels; the primers used for the qRT-PCR Actin reference were previously described (25) and are listed in Supplementary Table S1 . Each qPCR reaction was performed using the ABI PRISM 7500 Fast Real-Time PCR System under the following conditions: 95 • C for 30 s, 40 cycles of 95 • C for 5 s and 60 • C for 34 s to calculate cycle threshold (Ct) values, followed by a dissociation step, 95 • C for 15 s, 60 • C for 1 min and 95 • C for 15 s. Relative transcript levels were calculated using the 2 − CT method.
ChIP-seq and ChIP-qPCR
Chromatin immunoprecipitation (ChIP) experiments were carried out as previously described (27, 28) , using 30 g of chromatin and 3 g of the corresponding antibody. 1.5 g of 3-day old mycelia were harvested for nuclei preparation. 15 l micrococcal nuclease (MNase: NEB M0247S, 2000 gels units/l) were added to digest the nuclei in 2 ml MNB buffer (10% sucrose, 0.05 M Tris-HCl, pH 7.5, 4 mM MgCl 2 , 1 mM CaCl 2 ) for 10 min at 37 • C. 200 l 0.5 M EDTA were then added to stop digestion. After centrifugation, 40 l of supernatant was stored as input at -20 • C. The remainder was incubated with anti-H3K27me3 antibodies for more than 6 h. After incubation, 30 l pre-washed protein A Dynabeads (Thermofisher, 10001D) were added to the chromatin-antibody solution and agitated for more than 6 h. After the incubation the beads were washed successively with three 1 ml aliquots of buffer A (50 mM Tris-HCl, pH 7.5, 10 mM EDTA), containing 50 mM NaCl, 100 mM NaCl or 150 mM NaCl, respectively. Then, the DNA was eluted by two washes of 400 l elution buffer (20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM EDTA, 1% SDS) at 65˚C for 15 min. The DNA was then extracted using phenolchloroform-isoamyl alcohol (25:24:1) to remove remaining proteins, then precipitated using ethanol overnight at -20 C, and washed twice with 70% ethanol. Finally, the sample was dried and dissolved in 33 l ddH 2 O. As controls, input DNA was recovered by phenol extraction after the nuclease digestion step.
The DNA extracted from the H3K27me3 ChIP samples from P. sojae mycelium was subjected to high-throughput sequencing and qPCR. Two gDNA input replicates from P6497 or T34 mycelia, two H3K27me3 ChIP replicates from P6497 mycelia, and three H3K27me3 ChIP replicates from T34 mycelia were collected for sequencing on the Illumina Hiseq4000 platform by BGI (Shenzhen, China). Primers used for quantitative PCR (qPCR) are listed in Supplementary Table S1 . Each qPCR reaction was performed using the ABI PRISM 7500 Fast Real-Time PCR System according to the following protocol: 95˚C for 30 s followed by 40 cycles of 95˚C for 5 s and 60˚C for 34 s, followed by a dissociation step, 95˚C for 15 s, 60˚C for 1 min and 95˚C for 15 s. Relative accumulation levels were calculated using the 2 − CT method taking the input DNA control as an internal reference.
Phytophthora sojae transformation and gene editing
Genome editing using CRISPR/Cas9 and transformation in P. sojae were performed as previously described (29) . The targeted region of PsSu(z)12 is unique in the genome, and two single guide RNA (sgRNA) target sites (sgRNA207: GCTGCCACGCCGGGTCCAGG, sgRNA768: GCAG AGGATCCCAAGTAAGA) were selected using an online tool (http://grna.ctegd.uga.edu/). For construction of the construct encoding the sgRNAs targeting PsSu(z)12, the full-length sense and antisense guide oligos of sgRNA coding sequence (together with the flanking HH-ribozyme) were synthesized by the Genscript and then annealed to one another. Digestion of pYF2.3G-Ribo-sgRNA with Nhe I and Bsa I allowed the direct insertion of the annealed oligos into the cleaved plasmid. Finally, Polyethylene Glycol (PEG)-mediated protoplast transformations were conducted to create mutations. Transformant screening was performed by PCR and sequencing using primers listed in Supplementary Table S1 .
Multiple unsuccessful attempts were made to complement the PsSu(z)12 mutations. We tried to express the intact PsSu(z)12 gene in mutant T34 (561 bp deletion) by using the gene expression vector pTor with the constitutive HAM34 promoter or with the PsSu(z)12 native promoter, but never recovered any transformants with significant expression of full length PsSu(z)12. We also tried to carry out complementation in T34 using sgRNA-mediated homology-directed repair with HA-tagged PsSu(z)12. We obtained three complemented mutants (one homozygote and two heterozygotes), but we could not detect the HAtagged PsSu(z)12 protein by western blotting in any of these transformants.
Western-blot analysis
Total proteins were extracted from 3-day-old P. sojae mycelia and separated in SDS-PAGE gels. The separated proteins were then transferred to PVDF membranes. The membranes were blocked using 5% non-fat milk in PBST buffer (1 × PBS + 0.1% Tween 20) (PBSTM) for 30 min at room temperature with 60 r.p.m. shaking. The corresponding antibodies for histones H3 (Abcam, no. ab1791) and H3K27me3 (Millipore, no. 07-449) were then added to the PBSTM at a dilution of 1:5000. The membranes were incubated with the antibody at room temperature for 4 hr, then were washed three times (5 min each) with PBST buffer. After washing, the membranes were incubated with a goat-anti-rabbit IRDye 800CW antibody (Odyssey, no. 926-32211; Li-Cor) at a dilution of 1:10 000 in PBSTM at room temperature for 30 min with 60 r.p.m. shaking, then followed by three washes (5 min each) with PBST. The signals were excited and detected at 700 and 800 nm, respectively, using a double color infrared laser imaging system (Odyssey, LI-COR company).
Bioinformatics analysis
A detailed list of all programs and commands used for RNA-seq, ChIP-seq and small RNA-seq data analyses can be found in the Supplementary Text S1.
For ChIP-seq, reads were mapped to the P. sojae genome sequence v3.0 (http://genome.jgi-psf.org/Physo3/ Physo3.home.html) using bowtie2 (30) , normalized using deepTools (31) and visualized using IGV (32) . Original files of sequencing data from P6497 and pssu(z)12 mutant T34 mycelia (two replicates of H3K27me3 IP and input samples from P6497, three replicates of H3K27me3 IP samples from T34 and two replicates of input samples from T34) were submitted to NCBI with accession No. GSE127206.
For RNA-seq, reads were aligned to the P. sojae P6497 genome assembly v3.0 using Hisat2 (33) and visualized using IGV, the TPM value and raw read count of each gene were calculated using Stringtie (34) . DESeq2 (35) was then used to determine 2-fold or 10-fold differentially expressed genes with its default settings for scaling and transforming the data. Three biological replicates of P6497 RNAseq data were accessed from NCBI (GSE116089), two biological replicates of pssu(z)12 mutant T34 RNA-seq data were submitted to NCBI (GSE127207). The mean values of TPM from the biological replicates were adopted to draw the transcriptome comparison, and the 2-fold and 10-fold differentially expressed genes identified by DESeq2 were marked in Figure 3C with different colors.
For Gene Ontology analysis, P. sojae gene GO terms were updated by using the program BLAST2GO (36) (Supplementary Table S2 ). Both 10-fold upregulated and downregulated genes ( Supplementary Table S3 ) were utilized for GO functional classification using Web Gene Ontology Annotation Plotting (WEGO) tool, Version 2.0 (37), the differentially enriched GO terms versus genome-wide P. sojae gene GO terms were then visualized in Supplementary Figure S6 , P-values are reported as -log 10 P-value.
For small RNA-seq, three biological replicates from P6497 and ACR10 were downloaded from NCBI Bioproject PRJNA300858. Sequencing reads were parsed to remove adaptors and collapsed to a unique set with read counts; any reads shorter than 18 nt were discarded. Clean reads were mapped to P. sojae v3.0 using Bowtie (38) with no mismatch (-v 0). Finally, sRNA-seq data was normalized and visualized using IGV, reads on loci of interest were counted using ShortStack (39) and calculated in reads per million mapped (rpmm).
The sc10 genome was assembled de novo into 145 contigs, with an average genome coverage of 80.19×, using the Hierarchical Genome Assembly Process version 3 (HGAP3) pipeline using SMRT Link 3.1.1 (40) .
RESULTS
Avr1b gene expression differs between two P. sojae strains in the absence of sequence variation
To examine the mechanisms underlying the lack of Avr1b transcripts in field isolates, we selected two P. sojae strains from our collection, P6497 and sc10, that exhibit virulent and avirulent phenotypes on Rps1b-carrying soybean plants (Harosoy13xy) respectively ( Figure 1A ). PCR amplification of the Avr1b coding region followed by sequencing revealed no sequence differences between P6497 and sc10 (Supplementary Figure S1A ). To re-examine Avr1b transcript levels in the two strains under different conditions, a reverse transcription polymerase chain reaction (RT-PCR) assay was used. Stages examined included in vitro growth of mycelium on media and 3-day post-inoculation on etiolated soybean or hypocotyls ( Figure 1B) . Avr1b transcripts were detected in sc10 but absent in P6497 in all three tissues examined. To further investigate polymorphisms in the Avr1b region as well as the genetic background between P6497 and sc10, we performed Pacific Biosciences long read sequencing of the sc10 genome and compared the de novo genome assembly (original sequencing data were submitted to NCBI with accession no. PRJNA524096) to the P6497 genome sequence v3.0 (NCBI Reference Sequence: NW 009258120.1). The result showed that a large region around Avr1b (up to 50 kb upstream and 31 kb downstream) was completely identical between the two strains (Supplementary Figure S1B) . The Avr1b sequence and transcriptional status, together with the corresponding phenotypes of the two strains are summarized in Figure 1C . Based on the identical DNA sequences but differing transcript levels, we hypothesized that epigenetic variations may drive the differences in Avr1b transcript levels.
Avr1b gene silencing is correlated with H3K27me3 hypermethylation in the virulent strain
We examined the epigenetic landscape of Avr1b in P6497 including H3K27me3 and sRNA levels to explore which epigenetic features might be associated with Avr1b gene silencing. We downloaded the in-depth sRNA sequencing data of strains P6497 and ACR10 from NCBI (41), then examined the occurrence of sRNAs in the Avr1b region. The results revealed little occurrence of sRNAs in the region, other than a short region 1 kb upstream of Avr1b ( Figure 1D ). As a control, we examined the levels of sRNAs at the PsAvr3a locus, observing that abundant sRNAs accumulated at the silenced PsAvr3a locus of ACR10 but not P6497, consistent with the Avr3a phenotypes of the two strains (Supplementary Figure S2 ). Next, we performed ChIP-seq experiments with chromatin from P6497 using H3K27me3 antibodies. The results illustrated a high accumulation of H3K27me3 marks at the Avr1b locus ( Figure 1D ). To validate the ChIP-seq results, we compared H3K27me3 accumulation at Avr1b between P6497 and sc10 by using ChIP-qPCR. Four pairs of primers located in a 2.4-kb genomic region in the vicinity of Avr1b were used ( Figure 1D ). We observed elevated H3K27me3 levels across the Avr1b region in the non-expressing strain, P6497, but little methylation in the Avr1b-expressing strain, sc10 ( Figure 1E ), supporting our hypothesis that H3K27me3 plays a role in maintaining Avr1b silencing.
Editing the H3K27me3 writer complex gene, Su(z)12, in the Avr1b-silenced strain
To test the hypothesis that H3K27me3 is involved in maintaining Avr1b silencing, we set out to generate mutants of subunits of the major H3K27me3 writer complex -Polycomb Repressive Complex 2 (PRC2). We searched the P. sojae genome (v3.0) for the orthologs of D. melanogaster PRC2 subunits E(z), ESC, Su(z)12 and Nurf55 (Figure 2A) , by bidirectional blastp searches with an E-value cut-off of 10 −20 (42, 43) . Genes encoding these subunits were conserved in P. sojae, a total of seven E(z), one ESC, two Nurf55 and one Su(z)12 homologs were identified and verified by constructing phylogenetic trees ( Supplementary Figure S4 ). As there are seven orthologs of PRC2 catalytic active subunit E(z), it was not feasible to disrupt so many genes simultaneously. Ps326596 (PsSu(z)12, protein ID Ps324933) appeared to be the only unique ortholog of Su(z)12 in P. sojae. It encoded a protein of 620 amino acids, with 55.97% similarity compared to D. melanogaster Su(z)12, and contained a typical VEFS-Box which is conserved in polycomb proteins. We set out to knock out this gene by using CRISPR/Cas9 technology recently developed in P. sojae (29) .
Although extensive attempts were made, we never succeeded in isolating homozygous full-length deletion mutants of PsSu(z)12 through the sgRNA-mediated homology-directed repair (HDR) gene replacement approach. This result suggested that complete PsSu(z)12 removal may be lethal in P6497. However, we did isolate three independent homozygous mutants (T34, T21, T12) comprising two types of in-frame deletion events, having 561 bp or 12 bp deletions in the PsSu(z)12 coding sequence, respectively. (Figure 2B, Supplementary Figure  S3A ). RNA-seq analysis of one of the mutants, T34, revealed that PsSu(z)12 transcript levels in the mutant were similar to those in P6497, but lacked reads matching the 561 bp deleted region (Supplementary Figure S5) . To characterize the mutants further, we employed an additional two control strains, Ctrl1 and Ctrl2 in which the PsSu(z)12 locus was not altered, that were recovered from the same transformation experiment as the three mutants. Firstly, we performed a mycelial growth assay on regular cleared V8 media and did not observe an in vitro growth defect (Supplementary Figure S3B , C). Then we performed western blots to examine the global H3K27me3 levels in each line. The results showed that all three mutants exhibited a significant reduction in global H3K27me3 levels, 58%, 57% and 43%, respectively in comparison to P6497 and the control strains ( Figure 2C, D) . However, the H3K27me3 levels in Ctrl1 and Ctrl2 were not significantly different than in P6497. These results indicated that we had partially reduced H3K27me3 methylation in the three independent PsSu(z)12 mutants.
Despite several attempts (see Materials and Methods) we unable to complement the PsSu(z)12 mutants with the wild-type gene, due to poor expression of the introduced gene. Further work will be needed to resolve this issue. 
Reduced H3K27me3 in PsSu(z)12 mutants is associated with release of Avr1b gene silencing and failure to infect Rps1b soybean cultivars
We measured Avr1b transcript levels in the three PsSu(z)12 mutants. Both reverse transcription quantitative real-time PCR (qRT-PCR) analysis and RT-PCR results revealed that Avr1b silencing was released in all three mutants, with Avr1b transcript levels elevated >100-fold in all three mutants. (Figure 3A, B) . We also used RNA-seq analysis of T34 to examine the global effect of the 561 bp deletion in T34. We found a significant increase in the transcript levels of 1434 genes and a decreased level for 473 genes in the PsSu(z)12 mutant T34 compared to wild type, based on a minimum 2X Fold Change and adjusted P value <0.01.
Among these genes with >2-fold differential transcript levels, a total of 687 genes including Avr1b exhibited transcript levels that were elevated more than ten-fold in T34 compared to P6497 (FoldChange (T34/P6497) > 10, adjusted P value < 0.01). In contrast, 99 genes were found with significantly lower transcript levels of more than ten-fold in T34 compared to P6497 (FoldChange (T34/P6497) < 0.1, adjusted P value < 0.01) ( Figure 3C ). Then we conducted a Gene Ontology (GO) category analysis based on these 786 genes with ten-fold differential transcript levels. Associated with H3K27me3 defects in the pssu(z)12 mutants, we found significant enrichment of genes annotated for nucleotide binding (P = 1.0 × 10 −10 ), protein binding (P = 1.0 × 10 −10 ), methyltransferase activity (P = 1.8 × 10 −3 ), DNA binding (P = 2.3 × 10 −2 ) and other molecular function terms (Sup- plementary Figure S6 ). Interestingly, we found significantly enriched genes associated to drug binding (P = 1.0 × 10 −10 ), indicating a possibility of new findings on rational disease management. Next, we examined H3K27me3 levels across the 25 kb region spanning Avr1b by conducting ChIP-seq analysis. The ChIP-seq data confirmed that the Avr1b region is hypomethylated in T34, especially in the immediate region of Avr1b. In the same region, the RNA-seq data confirmed elevated Avr1b transcript signals in T34 compared to P6497, whereas neighboring genes showed little difference between T34 and P6497. Ps337246, a gene located 3.5 kb downstream of Avr1b, maintained high H3K27me3 methylation levels in both P6497 and T34 and remained silenced in both strains, providing an excellent control for Avr1b. Similarly, Ps337247 was another downstream gene that remained highly methylated and silenced in both P6497 and T34. Furthermore, three genes (Ps512252, Ps513314, Ps249437) upstream of Avr1b displayed negligible methylation and remained fully expressed in both strains ( Figure  3D ). To confirm the reduction of H3K27me3 modification in the Avr1b region, we performed ChIP-qPCR assay at four locations across the Avr1b region. The data demonstrated that levels of H3K27me3 across the Avr1b locus were reduced 3-4-fold in all three PsSu(z)12 mutants in comparison to P6497 ( Figure 3E) .
To further investigate the impact of reducing H3K27me3 levels at the Avr1b locus, we assessed the virulence of the mutants on Rps1b plants compared to non-Rps1b plants. All three mutants produced typical infection levels on a susceptible soybean cultivar (Williams). However, the mutants were avirulent on Rps1b soybean plants (Harosoy13xy). In contrast, the parent strain P6497 and the two control lines remained virulent on both Williams and Harosoy13xy soybeans ( Figure 4A ). This experiment demonstrated that the release of Avr1b gene silencing through mutation of PsSu(z)12 led the mutant to being recognized by Rps1b plants.
DISCUSSION
While the contributions of DNA sequence polymorphisms to pathogenic plasticity have been well documented in oomycetes (44, 45) , the basis of gene expression polymorphisms in pathogenic adaptation remain poorly explored (8) . Previous studies of gene silencing in Phytophthora species have mainly focused on the roles of sRNAs. Internuclear spread of RNAi-mediated gene silencing of a PAMP gene, INF1, was observed in Phytophthora infestans by van West et al. (46) . More recently, heritable transgenerational gene silencing of effector gene PsAvr3a in P. sojae was found to be mediated by 24 nt sRNAs (13) . Mechanistic studies have revealed that RNAi-triggered silencing of the INF1 elicitin gene in P. infestans could be released by chemical inhibitors of DNA methylation and histone deacetylation (47) . Similarly, RNAi-mediated silencing of the P. infestans sporulation gene cdc14 could be relieved not only by silencing of Dicer-like and Argonaute genes, but also by silencing of histone deacetylase genes (48) . No cytosine methylation nor the required enzymes can be detected in Phytophthora. The methylome of adenine methylation 6mA in Phytophthora was recently profiled by our group. However, whether m6A plays a role in regulating gene expression remains to be examined (49) . All these data led us to consider whether histone modifications could be players in gene silencing in addition to the sRNA-associated silencing machinery in Phytophthora.
Here, we have examined the epigenetic mechanisms underlying the silencing of Avr1b in in P. sojae strain P6497. The DNA sequences surrounding Avr1b were identical to a strain (sc10) expressing Avr1b, for a least 50 kb upstream and 31 kb downstream. There was little accumulation of sRNAs matching Avr1b in P6497, although there was some accumulation in a region 1kb away upstream of Avr1b. In previous reports, Phytophthora sRNA deposition in coding sequences was well researched (50) (51) (52) . However, no clear association between promoter regions 1 kb away with gene Transcript levels were normalized with Actin as the internal standard and presented as means ± SEM of three biological replicates. Asterisks represent significant differences (P < 0.01, compared with P6497, Student's t test). sc10 served as the positive (expressed) control, Ctrl1 and Ctrl2 are negative (silenced) controls described in Figure 2C. (B) RT-PCR experiment as (A). Three biological replicates were conducted with similar results. (C) Comparative transcriptome analysis of wild-type P6497 and pssu(z)12Δ mycelia. The x-axis (wild-type P6497) and y-axis (pssu(z)12Δ T34) show log 2 (TPM+1) of each gene (shown as a dot) based on the mean value of biological replicates, with three replicates of P6497 and two replicates of T34. Black dots represent genes with transcript level differences of >2×-fold change identified by DESeq2 (|log 2 FoldChange(T34/P6497)| > 1, adjusted P value < 0.01), red dots represent genes with more than ten-fold elevation in T34 compared to P6497 with an adjusted P value < 0.01, while blue dots represent genes with more than ten-fold reduction with adjusted P value < 0.01. Grey dots represent genes lacking differential transcript levels. Avr1b is shown in orange and indicated by an orange arrow. (D) H3K27me3 ChIP-seq and RNA-seq data in the Avr1b region from P6497 and pssu(z)12. Samples were harvested from mycelia, symbols as in Figure 1D with P6497 data in blue and pssu(z)12 data in red. Two and three biological replicates of ChIP-seq were performed for P6497 and T34, two biological replicates were performed for pssu(z)12 mutant T34 RNA-seq, IGV visualization shows similar results from different replicates. (E) H3K27me3 deposition in P6497, pssu(z)12 and controls measured by ChIP-qPCR. Values represent the mean fold changes (±SEM) of the transformants relative to tubulin, which was set as 1. Experiments were repeated twice with similar results. silencing was reported. Whether sRNAs within promoter regions impact Phytophthora gene expression at the transcriptional level remains to be explored. On the other hand, the repressive histone mark H3K27me3 was abundant in the region of Avr1b in P6497 compared to sc10. Deletion mutations introduced into the key PRC2 component gene, PsSu(z)12, reduced H3K27me3 levels more than 3-fold in the vicinity of Avr1b and concomitantly resulted in the release of silencing of Avr1b. These results suggest that local H3K27me3 methylation is essential for the maintenance of Avr1b silencing ( Figure 4B ), whereas sRNAs are not required. Our analyses found relatively low levels of sRNA accumulation at the Avr1b locus in mycelia of P6497 (4.7 RPMM). On the other hand, Wang et al. (2019) found somewhat higher levels of Avr1b sRNAs (34.5 RPMM) in a pool of RNA from P6497 oospores, mycelia, sporangia, cysts, and germinated cysts, including several anti-sense sR-NAs. They speculated that those sRNAs may be responsible for silencing of Avr1b. However, their study did not include a strain like sc10 that expressed Avr1b but had no sequence differences in the neighborhood of Avr1b. Therefore, it is difficult to assess if those higher levels of sRNAs are tissue-specific or are related to Avr1b silencing. Cui et al. (25) reported that multiple strains of P. sojae have indepen- dently acquired silencing of Avr1b, indicating that silencing is a common basis for Avr1b phenotypic variation. Mechanistically, it is plausible that some of those strains may have acquired sRNA-mediated silencing while others may have acquired H3K27me3-mediated silencing. It is also plausible that in some strains, silencing was initiated via small RNAs then maintained via H3K27me3 methylation.
Shan et al. (24) showed that when P6497 was crossed with an Avr1b-expressing strain (P7064 or P7076) the Avr1b allele derived from P6497 was re-activated in the heterozygous F1 progeny, but that silencing was re-established in F2 progeny that were homozygous for the P6497-derived allele. Those observations suggested that a recessive allele in P6497 was responsible for the silencing of Avr1b, and that the locus responsible for silencing (called Avr1b-2 by Shan et al. (24) ) lay within a 125 kb region encompassing Avr1b itself. The findings of our current paper do not reveal whether the PRC2 complex is directly involved in the re-establishment of Avr1b silencing, or whether the role of the PRC2 complex is to maintain a silenced state that is established via a separate mechanism. The signal for re-establishment of silencing also remains unclear given the 81 kb of sequences encompassing Avr1b that are identical between P6497 and sc10. Interestingly, the H3K27me3 levels within an 800 bp region, located 8.3 kb downstream of Avr1b, were reduced in T34 and the corresponding transcripts were elevated in RNA-seq data. However, no ORFs, domains, repeats, motifs or features could be predicted with confidence. Why do H3K27me3 marks specifically accumulate at the Avr1b locus in silent strain P6497? In Drosophila, Polycomb response elements (PRE) have been identified as cis sites for Polycomb recruitment and provide sequence-specific 'memory' modules to maintain silent and active gene expression states (53) . In contrast, in mammals, PRC2 and the H3K27me3 mark localize mainly to transcriptionally inactive regions rich in CpG dinucleotides (54, 55) . However, there have been no reports that such elements exist in Phytophthora. If a cis element is critical for H3K27me3 deposition, then that element might be the target of whatever trans-acting mechanism is controlled by the Avr1b-2 locus. In Arabidopsis, Polycombmediated silencing of FLOWERING LOCUS C (FLC) is initiated by the binding of the transcriptional repressor protein VAL1 to a DNA sequence in intron 1 of FLC. VAL1 recruits the histone deacetylase SAP18 together with other subunits of the apoptosis-and splicing-associated protein (ASAP) complex. Recruitment of the ASAP complex and histone deacetylation are thought to allow nucleation of PRC to FLC (56) . Further work will be required to determine if a similar process controls the silencing of Avr1b.
The Avr1b gene in P. sojae strain P6497 exists in a state of natural silencing, allowing P6497 to evade defense surveillance mediated by the soybean Rps1b disease resistance gene (22; this study). Here, we propose a model in which P. sojae Avr1b effector gene silencing is maintained in P6497 by H3K27me3 methylation. In this model, the state of H3K27me3 at a specific genomic locus is a key regulator of effector gene expression. This example of natural epigenetic gene silencing is novel for oomycetes, and highlights how histone modifications can determine pathogen virulence type. This strategy could enable other pathogens to adapt to resistant host plants ( Figure 4B ). How broadly similar mechanisms regulate pathogen gene expression and contribute to pathogen adaptation to changes in the biotic and abiotic environment requires further investigation. Technologies to probe epigenetic changes at specific loci could form a component of accurate disease diagnoses in the future. Furthermore, our findings suggest that interfering with pathogen epigenetic processes could be a potential strategy for protecting plants from infection.
